Abstract-The development and implementation of the extracorporeal membrane oxygenation (ECMO) technique for the treatment of patients in critical conditions make it possible to effectively and safely support gas exchange processes in the blood for a long time. One of the main components of the ECMO unit is a gas permeable membrane which is a barrier separating the blood from the gas phase. Since the 1950s, the development of this technology has been aimed at improving the safety and duration of use of membranes, which led to the creation of oxygenators that provide life support for several weeks. This review is devoted to the development of the extracorporeal membrane oxygenation technology including the choice of materials, methods to improve their hemocompatibility, and approaches to the design of the membrane contactor.
INTRODUCTION
The technology of extracorporeal membrane blood oxygenation is used in modern surgery in the case of heart surgical interventions, in transplantology, and in the case of injuries associated with massive blood loss. Here, along with the organization of artificial circulation, an extracorporeal blood oxygenation apparatus (an oxygenator) performs the lung function by saturating the venous blood with oxygen and removing carbon dioxide from it. For the first time, a surgical intervention with the use of an oxygenator was performed by Gibbon in the mid-1950s [1] .
The oxygenator developed by Gibbon belonged to devices of the stationary film type and was a set of six to eight wire screens with a length of 60 cm and a width of 10 cm vertically placed into a plastic container, in which blood flew from top to bottom, thus forming a stable blood film contacting with oxygen [2] . The second variety of film-type oxygenators was represented by rotating oxygenators, in which a large area of the contact of blood with the gas was achieved due to the rotation of the moving parts, cylinders [3] or disks [4] . One of the main disadvantages of film-type oxygenators were their bulkiness resulting from the requirement of providing an acceptable area of the contact of blood and the gas phase and time-consuming and complex maintenance.
Bubble oxygenators [5] , which replaced film oxygenators, became the most common among directcontact oxygenators due to the smaller size and some other advantages. In a general case, a bubble oxygenator was a vertical column, to the bottom part of which blood and gaseous oxygen were fed, and the foamy blood from the upper part of the column entered a defoaming chamber, where the surface tension of the gas bubbles decreased due to the silicone coating of the surface of the chamber, which led to the merging of small bubbles into large bubbles that floated up in a spiral tubular tank, while oxygenated blood flew down [2] . The popularity of bubble oxygenators was associated with a series of advantages, namely, a high efficiency due to the large surface of oxygen bubbles, portability, simplicity of design free from moving parts, and the fact that the components of the unit were disposable and ready-to-sterilize.
The main disadvantage of direct-contact oxygenators was a short duration of application without adverse effects, which was limited to four hours [2] . The direct contact of blood with air and plastic or metallic parts of the unit led to the damage and breakdown of erythrocytes and platelets, denaturation of proteins, a high risk of hemolysis, disruption of the coagulation system, and risk of hemorrhages [2, 6] . In addition, prolonged extracorporeal perfusion could lead to the deterioration of peripheral perfusion, acidosis, and progressive organ failure [2] . The application of bubble oxygenators was also associated with a risk of gaseous embolism [4] .
The main disadvantages of direct-contact oxygenators associated with a short duration of operation and a high risk of development of complications were overcome with the introduction of membrane-type oxygenators [4] , in which the blood is separated from the gas phase by a semipermeable membrane and the gaseous exchange is executed in the process of diffusion of gases through the membrane, into clinical practice. The modern extracorporeal membrane oxygenation technology (ECMO) is aimed not only at saving a patient in a critical state during surgical interventions but is also intended for patients with potentially invertible disorders of cardiovascular and/or respiratory systems, the treatment of which using standard therapy is ineffective [7] .
NONPOROUS (DIFFUSION) POLYMER
MEMBRANES FOR ECMO The development of membrane technology and appearance of new polymer asymmetric gas-separation membranes in the late 1950s [6] made it possible to apply such membranes as a diffusion barrier for the separation of blood from the gas phase. Thus, one of the first attempts of creating membrane oxygenators was the use of a nonporous membrane made of ethyl cellulose with an area of 25 m 2 in an oxygenator [8] . However, a quite high hydrophilicity of ethyl cellulose led to the leakages of plasma through the membrane, which substantially shortened its service life [2] . Replacing the material of the membrane by more mechanically strong and hydrophobic materials such as polyethylene [9] and polytetrafluoroethylene (Teflon) [10] made it possible to solve this problem [2] .
Overall, decreasing the degree of damage of erythrocytes was an obvious advantage of membrane oxygenators upon comparison with direct-contact oxygenators; at the same time, researchers came across a series of problems from the very start of the development [2] :
-the membrane became an additional barrier for gas exchange; -there were still no suitable materials for membranes possessing high gas permeability, mechanical strength, possibility for obtaining thin films without through defects, and absence of the interaction of blood with the artificial surface in the late 1950s; -a problem of optimum distribution of the flows of gas and blood for the provision of efficient gas exchange emerged.
The aforementioned transition to hydrophobic materials at first also possessed a series of limitations associated with the low velocity of transport of oxygen and CO 2 . The problem was partially solved by the introduction of hydrophobic membranes based on polyorganosiloxanes possessing high oxygen permeability; here, the CO 2 permeability for these materials is five-to sevenfold higher [11] . Thus, for polydimethylsiloxane (PDMS), the coefficient of oxygen permeability P(O 2 ) is 600 Barrer (1 Barrer = 10 −10 cm 3 (STP) cm cm −2 s −1 cmHg −1 ), while it is 20 Barrer for ethyl cellulose, 1 to 8 Barrer for polyethylene, and 0.004 Barrer for Teflon [11] . According to the data of [2] [12] has been a standard of a membrane material for oxygenators for almost 50 years [13] .
The problem of intensification of the gas exchange process in an oxygenator was tried to be solved by means of design decisions. Flat sheet membranes separated by separating screens were used in the first membrane oxygenators for the provision of the flow of gas and blood (Fig. 1) followed by their assembly into a flat-parallel structure like, e.g., in a Travenol oxygenator [4] , or in the form of a spiral-wound-type apparatus like in a cylindrical Kolobov oxygenator [4] .
As opposed to alveolar capillaries, the diameter of which (3-7 μm) is smaller than the erythrocyte size (6-8 μm), the channels in flat-plate-type or spiralwound-type oxygenators are much wider. Because of this, one of the limiting stages of the membrane oxygenation process is the rate of diffusion of the gas in the liquid phase of blood. Thus, it was experimentally shown [14] that the velocity of the transport of oxygen in blood corresponds to the Fick law, i.e., it is proportionate to the square thickness of the blood film contacting with the membrane and diffusion resistance of the boundary layer. In the case of a laminar flow in the boundary layer of the blood contacting with the gasexchange membrane, the equilibrium with the gas phase is rapidly achieved. Further movement of the gas in the blood is limited by the rate of molecular diffusion in the liquid phase. The experimentally determined coefficients of diffusion in blood at 37°C are 1.73 × 10 −5 cm 2 /s for oxygen and 1.45 × 10 −5 cm 2 /s for carbon dioxide [2] . Here, the also experimentally determined thickness of the blood layer contacting with the membrane under saturation with oxygen is 50 to 700 μm at different velocities of the blood flow [14] . Therefore, more effective gas exchange requires either the sizes of the channels in the oxygenator to be smaller than the corresponding thickness of the blood layer in the case of laminar flow along the membrane or the blood flow along the membrane not to be laminar.
The problem of diffusion resistance of the boundary layer was proposed to be solved by introducing secondary flows in the blood, which lead to the disturbance of the laminar flow and intensification of the convective mass transfer, which leads to an increase in the efficiency of gas exchange. Secondary flows can be both passive, formed due to the movement of the blood along concave channels along a spiral contour or due to the placement of additional turbulence promoters into the channels [15, 16] , and active, induced by an external action, e.g., periodic deformation of the membrane, rotation of the membrane, etc. [17] [18] [19] [20] [21] .
The development of membrane technology led to the creation of polymer membranes in the form of hol-low fibers (capillaries), the internal and external diameter of which is set by the parameters of the die hole upon their formation. Consequently, this led to the development of capillary oxygenators, the first of which had capillaries with a diameter of 100-500 μm [22] . The small diameter of the hollow fibers made it possible to increase the efficiency of gas exchange due the decrease in the size of the channels and thickness of the blood layer under saturation with oxygen near the gas-exchange surface. In addition, capillary oxygenators had another advantage consisting in the better control of the flows in the gas and blood chambers in comparison with the flat plate and spiral wound oxygenators. Further studies in this field were aimed at the search for the optimum configuration of the flows, namely, with a blood flow inside the fiber and oxygen outside [23, 24] (Fig. 2, 1) or an inverse configuration with a blood flow outside the fiber and oxygen inside [25] [26] [27] (Fig. 2, 2) .
The advantage of the configuration of hollow-fiber membranes with a selective layer and a blood flow inside the fiber consists in the possibility for creating a laminar blood flow without diffusion limitations because, in the case of a laminar flow, the thickness of the blood layer under saturation with oxygen can be smaller than the internal diameter of the fiber, which is overall close to the configuration of alveolar capillaries. However, a substantial disadvantage of such hollows fibers was an increase in the hydrodynamic resistance of the channels, which led to an increase in the pressure differential in the oxygenator and deformation of the formed elements. In addition, the defects of a continuous diffusion layer of such membranes, especially in the orifice of the hollow-fiber module, led to an increased adsorption of blood proteins and an increase in the probability of clotting. Because of this, the configuration of hollow-fiber membranes with a selective layer and a blood flow outside the fiber is adopted in the modern hollowfiber oxygenators. The advantage of such a configuration is the possibility to control the packing of the fibers for the creation of a small thickness of channels with a turbulent blood flow. It was shown during the tests that a configuration, in which the blood flow is perpendicular to the hollow fiber, through which oxygen is fed, possesses the best characteristics of gas exchange [28] [29] [30] (Fig. 3) . Currently, the design of most oxygenators is based on this principle.
However, the question about the influence of the orientation of the fibers in the module still remains open [31] [32] [33] because both their parallel and crisscross arrangement is possible (Fig. 4) .
One of the latest promising achievements in the field of creation of oxygenators is the implementation of the inventions of the microfluidics technology, which makes it possible to create, thus far at a level of laboratory specimens, microoxygenators with a thickness of the membrane of up to 10 μm and a size of the channel for blood of up to 15 μm, which substantially increases the efficiency of gas exchange [4, 34] and decreases the blood prime volume in comparison with hollow-fiber ones.
Such microoxygenators are generally created using a microlithography technology in several steps. One of such processes is described in detail in [34] . First, profiled lithographic molds with the pattern for the channels for gas and blood are created on a silicon plate. Then the molds are filled with PDMS, and plates made of PDMS with the rectangular profiles of the channels for gas and blood with a height of 15-80 μm and a width of 100-500 μm are formed (Fig. 5, 1) . A thin diffusion membrane (10-20 μm) is formed on a silicon support generally made of the same PDMS (Fig. 5, 2) . Then all the three parts are stacked and air tightened to form a single micromodule (Fig. 5, 3) .
The advantage of such a technology is the modularity (Fig. 5, 4) , i.e., the possibility for achieving the required productivity of the oxygenator via the assemblage of an appropriate number of micromodules [35] . The profiles of the corresponding channels for gas and blood depend on both the applied microprinting technology and the design of the micromodule. These profiles can be complex [36] and even three-dimensional [37] . The disadvantage of such structures is the principal limitation of the microlithographic technology, namely, the rectangular shape of the channels for blood, which promotes the formation of stagnation zones. The use of PDMS as the material, which limits the duration of use of a microoxygenator, is a disadvantage as well.
MICROPOROUS MEMBRANES FOR ECMO
As it was already noted above, PDMS-based materials were the most widely used for the creation of membranes for ECMO. However, these polymers possess a series of substantial disadvantages, the main of which is clotting on the surface of the membranes upon prolonged operation [38] [39] [40] [41] [42] . In addition, the need for preserving the mechanical strength of the membrane imposed certain limitations on its thickness, which, consequently, affects the efficiency of gas exchange. An alternative approach turned out to be the use of microporous materials (Fig. 6, 2) proposed for the first time by McCaughan [43] , which, as opposed to nonporous (diffusion) membranes (Fig. 6, 1) , have through pores providing a direct contact of blood with air, which leads to an increase in the efficiency of gas exchange.
The first experiments were performed with the use of membranes made of microporous polyethylene, sintered nickel, and cellulose acetate-based hydrophobic polymers [2] ; however, due to the large pore diameter (1-10 μm), significant plasma leakage [44] and a high risk of air embolism in the case of exceedance of the gas pressure were noted. Only with the appearance of hydrophobic ultrafiltration membranes with submicron pores, the most widely used of which is microporous polypropylene (PP) [45, 46] with a pore diameter of up to 0.03 μm and porosity of up to 55% [47] , the penetration of plasma into the pores started to be prevented by surface tension forces. However, complete prevention of plasma leakage failed, in which connection the effective duration of operation of oxygenators with microporous membranes was limited to several days. Several mechanisms of leakage of plasma into the pores were proposed including the evaporation of water from plasma followed by the condensation by a cooling gas [48] and formation of a wetting film, the penetration of plasma due to the increased pressure of the blood flow [49] as well as the participation of phospholipids in the wetting micropores [50] . By nonspecifically binding to the surface of the material, blood phospholipids lead to the hydrophilization of the entrance to the pores, which provides the penetration of plasma deep into the pores due to the capillary forces and further coating of the pore walls with phospholipids until the entire length of the pore is filled with plasma, which significantly decreases the gas transfer through the membrane due to the lower rate of diffusion of oxygen in plasma in comparison with air. Ultimately, all this leads to the need for the replacement of the oxygenator. Despite this, the high efficiency of gas exchange, minor blood trauma, portability, simplicity, and relatively low cost allowed oxygenators with microporous membranes to completely replace bubble oxygenators [40] .
MODERN POLYMER MEMBRANES FOR ECMO
For preventing plasma leakage [51] [52] [53] [54] , it was proposed to use composite membranes-microporous fibers coated with siloxane derivatives. Here, in the case of incomplete coating of the surface pores of the membrane, the high hydrophobicity of the PDMS layer prevents the penetration of water into the channels for gas. In the case of complete coating of the surface pores, blood contacts with a continuous thin layer of PDMS like in the case of Kolobov oxygenators. Despite the decrease in the efficiency of gas exchange due to the diffusion gas transfer through the thin continuous PDMS coating, this solution was considered as an acceptable compromise for increasing the durability of the oxygenator.
Three-layered membranes on the basis of microporous polyethylene with a continuous internal layer made of thermoplastic polyurethane [55] (P(O 2 ) = 1-3 Barrer [56] ) or asymmetric membranes made of fluorine-containing polyimide [57] (P(O 2 ) = 14-16 Barrer [58] ) were proposed as the alternative versions of diffusion hollow-fiber membranes. Since the permeability of these materials is substantially lower than the permeability of PDMS, hollow-fiber membranes made of polyurethanes and polyimides did not find their application. Hydrophobic amorphous perfluorinated copolymers of tetrafluoroethylene and perfluoro(2,2-dimethyl-1,3-dioxole), Teflons AF, in particular, AF 2400 [59] , the oxygen permeability of which (P(O 2 ) = 990-1100 Barrer [56, 60] ) exceeds the permeability of PDMS, were proposed as the materials for the continuous coating of composite membranes alternative to PDMS. In recent years, a perfluorinated amorphous polymer, polyperfluoro(2-methyl-2-ethyl-dioxole-1,3), has also been proposed as the material for the continuous coating [61] . This polymer is also a very promising material due to the high oxygen permeability coefficient (P(O 2 ) = 850 Barrer [62] ) in comparison with PDMS and high hemocompatibility that is higher when compared to AF 2400 [61] .
However, the implementation of diffusion membranes made of poly(4-methyl-1-pentene) (PMP) [63] [64] [65] [66] which combine a microporous internal structure with a dense external layer contacting with blood [4] can be considered as the most practically important achievement in the field of membrane materials for ECMO. Due to the higher hemocompatibility in comparison with membranes on the basis of PDMS [67] , high efficiency of gas exchange and relatively low resistance [68] , absence of plasma leakages [69] , and possibility of operating for several weeks [67] , PMP became the most widely used membrane material for oxygenators (Table 1 ) despite a significantly lower Overall, currently, a situation with the division of oxygenators to two main classes with respect to the duration of use has arisen, namely, oxygenators with microporous membranes for short-term use and oxygenators with nonporous membranes for long-term operation [2] . The main characteristics of the currently used oxygenators are presented in Table 1 .
One of the key parameters of oxygenators is the prime volume, a decrease in which promotes a decrease in the risk of development of hemodynamic complications in critical patients. The most important parameters are the area of the membrane and blood velocity through the oxygenator which determine the efficiency of gas exchange, i.e., the possibility of increasing the level of the partial pressure of oxygen pO 2 from 50-70 to 300-500 mmHg and attainment of a normal concentration of carbon dioxide at the outlet from the oxygenator. Generally, the blood velocity is 60-80 mL/kg/min [83] .
SURFACE MODIFICATION OF ECMO MEMBRANES
The need for providing the operational capacity of diffusion membranes upon long-term operation dictates the modern trends in the development of membrane technology which consist not only in the search for new biocompatible materials which can be used as membranes but also in the improvement of the existing membrane materials by means of modifying the surface for the purpose of increasing its biocompatibility.
On the one hand, the problem of increasing the biocompatibility was proposed to be solved by means of modifying the surface of a membrane by various polymer compounds that change its properties. For example, the polymerization of acrylamide on the surface of a silicone membrane led to a decrease in the adsorption of protein and adhesion of platelets [84] , the crosslinking of D-gluconamido ethyl methacrylate to the surface of polypropylene led to an increase in the hydrophilicity and biocompatibility [85] , Medtronic uses a composite coating on the basis of poly(ethylene oxide) which provides hydrophilicity as well as sulfate and sulfonate groups for imparting the surface with a negative charge [86, 87] , and Terumo uses a coating on the basis of poly(2-methoxyethyl acrylate) [88, 89] ; in addition, poly(vinylpyrrolidone) [90] , α-allyl glycoside [91] as well as polyethylene glycol and its derivatives [92] [93] [94] [95] are used for the modification. For example, the efficiency of the latter as a hemocompatible coating of the PDMS membrane and channels for blood of a microfluidic artificial lung was shown [96] .
However, one of the most widely used modification methods is the covalent binding of heparin molecules with the surface of a membrane; it is currently used by many companies in their coatings (Table 2) . It has been found that a heparin coating decreases the activation of platelets and complement [97, 98] as well as possesses anti-inflammatory properties [99, 100] .
Another widely used option of increasing biocompatibility is coating with phosphoryl choline (Table 2) which mimics the external surface of an erythrocyte membrane [101] , which leads to a decrease in the adsorption of proteins on the surface of the membrane and, as a consequence, an increase in biocompatibility [102] .
The main currently used biocompatibility coatings of membranes are presented in Table 2 .
Therefore, the doubtless importance of ECMO for the life support of patients in the case of critical states found a reflection in the development of membrane technology. By using the recent advances in the field of creation of membranes, a huge way of evolution of both design approaches (the transition from flat membranes to a hollow fiber) and use of membrane materials (from Teflon and polydimethylsiloxane to polymethylpentene) has been overcome over 60 years. However, the development has not stopped on this, which manifests itself in the implementation of the methods of modification of the surface of membranes 
